Background: Programmed death 1 protein (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors are promising cancer immunotherapy. Their dermatologic safety profiles are still poorly understood. The purpose of this article is to evaluate the incidence of selected dermatologic and mucosal adverse effects (AEs) and determine the risk of developing these adverse events associated with PD-1/PD-L1 inhibitors, compared with chemotherapy or ipilimumab.
Introduction
How to detect and cure cancer has been a hot topic in the medical field. With the progress of cancer research, many effective therapies have been developed (e.g., surgery, chemotherapy, radiation therapy, targeted therapy). Recently, discovery of the immune checkpoint inhibitors, represented by CTLA-4 and PD-1/PD-L1 inhibitors, has brought revolutionary progress in the tumor treatment and ignited great enthusiasm for the tumor immunotherapy research. PD-1 is an inhibitory receptor with the negative immune regulatory effects. When PD-1 binds with its ligands PD-L1/PD-L2, the immune response of T lymphocyte is inhibited, which is called immune checkpoint. [1, 2] Some tumor cells can evade immune elimination by over expressing PD-1 ligand. [3] By aiming at the negative immune regulatory factors, researchers developed the immune checkpoint blockade which could prevent PD-1 from combining with PD-L1. Subsequently, the negative immune regulatory effects are blocked, which significantly improves the immunologic functions of T lymphocytes. [4, 5] Anti-PD-1/PD-L1 drugs have demonstrated the remarkable therapeutic efficacy in clinic, and 6 anti-PD-1/PD-L1 drugs have been approved by the US drug regulatory authorities since 2014 [6] : Merck's pembrolizumab (Keytruda, an anti-PD-1), BMS's nivolumab (Opdivo, an anti-PD-1), Roche's atezolizumab (Tecentriq an anti-PD-L1 antibody approved in 2016), Pfizer and Merck's avelumab (Bavencio an anti-PD-L1 antibody approved in 2017), Aspen Likang's durvalumab (Imfinzi an anti-PD-L1 antibody approved in 2017), and Regenerator and Sanofi's cemiplimab (Libtayo an anti-PD-1 antibody approved in 2018). With the support of a large number of clinical trials, these drugs have been approved to treat melanoma, non-small-cell lung cancer, renal cell carcinoma, bladder cancer, head and neck cancer, and other cancers. Since 2017, anti-PD-1/PD-L1 drugs have also been expanded to treat liver cancer, gastric cancer, lymphoma, Merkel cell carcinoma, cutaneous squamous cell carcinoma, and other diseases. [7] [8] [9] [10] [11] [12] Although the anti-tumor effects of PD-1/PD-L1 inhibitors have been proved clinically, various adverse effects (AEs) would also be noticed, [13] including fatigue, pyrexia, chills, and infusion reactions. [14] Several adverse events caused by the immune checkpoint inhibitors are known as immune-related adverse events (irAEs), which is considered to be different in mechanism and incidence from the adverse events induced by chemotherapy and targeted therapy. [15] Those irAEs are understood to be the manifestation of the autoimmunity. In other words, the hyperfunction of immune system affects the normal tissues and organs in bodies, due to the fact that the immune checkpoint inhibitors could boost the activity of immune system. [16, 17] These irAEs are usually organ-specific, such as pneumonitis, colitis, hepatitis, hypothyroidism, and hyperthyroidism. [18, 19] Skin is one of the main organs affected by autoimmune with several common dermatologic AEs induced. Serious dermatologic AEs might impair people's quality of life.
In this meta-analysis, we focused on 6 most common dermatological and mucosal adverse events, including rash, pruritus, mucosal inflammation, stomatitis, alopecia, and vitiligo, which are reported in many studies with high incidence. [16] There are a lot of data available from various clinical trials for PD-1/PD-L1 inhibitors recently, which could be used for our study. We chose chemotherapy and ipilimumab as control to explore the safety of different therapies. Ipilimumab is the first immune checkpoint blockade for CTLA-4 approved in 2011. As ipilimumab was widely used in clinic, we intended to explore the differences of dermatologic safety between ipilimumab and PD-1/PD-L1 inhibitors. By understanding the frequency and characteristics of dermatologic irAEs, the study could provide more options for physician to prescribe PD-1 inhibitors to treat patients appropriately.
A meta-analysis was conducted to compute the incidence and relative risk (RR) of all-grade and high-grade dermatological and mucosal adverse events in patients treated with PD-1/PD-L1 inhibitor monotherapy versus other monotherapy (chemotherapy and ipilimumab). All of the data used in this meta-analysis were collected from published literature and clinicaltrials.gov.
Methods
A meta-analysis is conducted in accordance with Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) statement. There is no ethical approval needed since all of previously published data were used for this work.
Data source and search strategy
A systematic literature search was conducted to collect the information of dermatologic and mucosal adverse events in the clinical trials of PD-1/PD-L1 inhibitors. Medline (via PubMed) (up to February 21, 2019) and clinicaltrials.gov were searched for relevant data of clinical trials. Only the phases II/III randomized controlled trials (RCTs) were included in our analysis. Following generic names, brand names, and synonyms were used for the detailed search: pembrolizumab (MK-3475, SCH900475, Keytruda, lambrolizumab), nivolumab (BMS-936558, MDX-1106, ONO-4538, Opdivo), atezolizumab (MPDL-3280A, RG-7446, R05541267, Tecentriq), avelumab (MSB-0010718C), durvalumab (MEDI-4736), and cemiplimab (REGN2810, Libtayo). "Clinical trial" tag was used to limit search result, and additional studies from other sources were also added.
Study selection
Based on our criteria of selection, studies with following characteristics were included in our meta-analysis:
1. randomized controlled phase II and III trials; 2. patients in intervention arms were treated with PD-1/PD-L1 inhibitor monotherapy, and patients in control arm were also treated with monotherapy (chemotherapy or ipilimumab); 3. similar methodology used for all of selected studies; 4. significant skin AEs were clearly reported in the selected articles; 5. the studies were published in English.
Studies with the following characteristics should be excluded:
1. the duplicated study with insufficient data; 2. the study with control group treated with combination therapy and target therapy; 3. the study that is not a therapeutic research.
Both authors (W.W.Y. and S.Q.L.) completed the literature search independently and then discussed which articles should be included in our analysis. Disagreements were solved by consensus. For the cases of duplication, only the most completed and recent publications were chosen. Hence, each article included in this meta-analysis represents a unique study.
Data extraction
Data extraction was conducted by two authors (W.W.Y. and S. Q.L.) independently from all of available clinical studies that are relevant to this meta-analysis. The criteria of selection were strictly controlled whether a study is appropriate for our analysis, such as the study design, intervention, comparison, and patients. The variables extracted were: last name of first author, year of publication, title, name of journal, NCT number, phase of clinical study, tumor type, clinical study design, number of patients in the intervention groups, number of patients in the control groups, name and dose of PD-1/PD-L1 inhibitors, number of patients developing all-grade (grade 1-5) and high-grade (grade 3-5) AEs. Disagreements were resolved through discussion. All clinical studies included in the analysis used the Common Terminology Criteria for Adverse Events (CTCAE). If available, statistical results were extracted from all studies reporting all-grade (grade 1-5) or high-grade (grade 3-5) rash, pruritus, mucosal inflammation, alopecia, and vitiligo. Detailed clinical data were extracted from the publications, and some missing data were filled from Yang et al. 98: 20 Medicine clinicaltrials.gov (serious adverse events on clinicaltrials.gov were considered as high-grade AEs).
Statistical analysis
In this meta-analysis, the incidence (with 95% The Risk Ratio (RR) was used to compare the risk of developing all-grade and high-grade AEs in the intervention arms with control arms. The RR above 1 and the lower limit of 95% RR CI larger than 1 suggest higher risk of developing skin disorders in patients treated with PD-1/PD-L1 inhibitor than those treated with other control monotherapy. Furthermore, the I 2 index and P-value were used to assess the heterogeneity of the clinical trials used. For P < .1, the homogeneity were assumed invalid and the random-effect model was used to compute the overall RR and 95% CI, and for P ≥ 0.1, the fixed-effect model would be used. Subgroup difference test P < .05 was considered as the threshold for statistical significance. To understand how PD-1/PD-L1 drugs contribute to developing the skin AEs, several comparisons were:
1. PD-1/PD-L1 inhibitor monotherapy versus chemotherapy control (also monotherapy) in different dermatologic and mucosal AEs; 2. PD-1/PD-L1 inhibitor monotherapy versus ipilimumab control in different dermatologic AEs.
To identify the sources of heterogeneity, we conducted subgroup analyses based on drug class and tumor type in different AEs.
Quality assessment
The quality of 18 studies was assessed by two authors independently, using the Cochrane Risk of Bias Assessment. Risk of bias assessments and evaluation criteria are summarized in Fig. 1 . All open-label trials are considered as high risk in blinding aspects and following outcome bias are also considered as high risk, since clinicians assessed adverse events for all studies. Patient stratification before randomization and interactive voiceresponse system randomization were regarded as low risk in allocation concealment. Discrepancy in assessment was resolved by consensus.
Results

Search results
There are 244 potentially relevant clinical studies identified, based on our search strategy. Two hundred twenty-six studies were excluded, and the exclusion criteria are shown in Fig. 2 . Among 32 studies selected for further analysis, 11 studies were combination therapy or controlled with other targeted therapy, 3 studies were monotherapy compared with placebo. In this analysis, we focused on 18 chemotherapy or ipilimumab controlled studies, and only nivolumab, pembrolizumab, atezolizumab, and avelumab were included (conventional therapycontrolled studies for other 2 drugs could not be found).
Study characteristics
There were 18 full-text articles included in our analysis, including 15 phase III trials and 3 phase II trials. All 18 studies were multi-center clinical trials funded by the pharmaceutical industry. A total of 11,465 patients involved in these studies: 6226 patients allocated in intervention arms, and 5239 patients in control arm, respectively. Among these studies, 9 were carried out in patients with non-small cell lung cancer, 6 in melanoma, 2 in urothelial carcinoma, and 1 study evaluated gastric or gastroesophageal junction cancer. Subjects in the intervention groups received pembrolizumab in 6 studies, nivolumab in 8 studies, atezolizumab in 3 studies, and avelumab in 1 study. All the intervention arms were the patients treated with PD-1/PD-L1 inhibitors monotherapy, and the control arms were patients receiving chemotherapy (15 studies) or ipilimumab (3 studies). All studies included in this meta-analysis were registered on ClinicalTrials.gov and the adverse events were reported in detail with accurate data. Table 1 shows the characteristics of included studies. In this dermatologic and mucosal AE incidence analysis, only clinical trials with intervention groups receiving one of the PD-1/ PD-L1 inhibitor monotherapies (pembrolizumab, nivolumab, atezolizumab, and avelumab) were included. We analyzed the incidence of rash, pruritus, mucosal inflammation, stomatitis, alopecia, and vitiligo developed by each PD-1/PD-L1 inhibitors with 95% CI (Table 2) . Both all-grade and high-grade AEs were computed in this analysis. A total of 6226 patients from 18 studies were included for the calculation of the incidence.
All-grade rash and pruritus data were extracted from all 18 studies with a relatively high incidence (11.8% with 95% CI: 9.8-14.1%, and 12.2% with 95% CI: 9.8-15.1%, respectively). The incidence of high-grade rash was higher than that of other highgrade AEs (0.6% with 95% CI: 0.4-0.9%).
Comparison between the risk of all-grade rash in patients treated with PD-1/PD-L1 inhibitor monotherapy versus chemotherapy and ipilimumab control
The relative risk of all-grade rash was computed by comparing the development of rash in patients treated with PD-1 or PD-L1 com inhibitor to those treated with the chemotherapy control arm (Fig. 3A) and ipilimumab control arm (Fig. 3B) , respectively. The index was used to determine the contribution of PD-1/PD-L1 immune checkpoint inhibitors to the development of rash. The data, extracted from 15 studies with a total of 9125 subjects, were included for the calculation of the RR in the grades 1-5 rash. 
Comparison between the risk of all-grade pruritus in patients treated with PD-1/PD-L1 inhibitor monotherapy versus chemotherapy and ipilimumab control
The risks of all-grade pruritus were analyzed, to compare the anti-PD-1/PD-L1 drugs monotherapy (pembrolizumab, nivolumab, atezolizumab, or avelumab) versus chemotherapy ( Fig. 4A ) and ipilimumab monotherapy (Fig. 4B) (Fig. 5) . A fixed-effects model was used to analyze the relative risk of developing all-grade mucosal inflammation in these studies, and the number of subjects included was 6274 from 9 studies.
Comparison between the risk of all-grade stomatitis in patients treated with PD-1/PD-L1 inhibitor monotherapy versus chemotherapy control
There were 10 studies reporting rates of stomatitis, where 6595 patients involved. From the forest plot (Fig. 6) , the RR of developing all-grade stomatitis during the treatment with PD-1/ PD-L1 inhibitors as compared to the chemotherapy monotherapy was 0.26 (95% CI: [0.21, 0.33]; P < .001). Thus, the patients treated with anti-PD-1 drugs or anti-PD-L1 drugs were less likely to experience stomatitis.
Comparison between the risk of all-grade alopecia in patients treated with PD-1/PD-L1 inhibitor monotherapy versus chemotherapy control
All-grade alopecia was reported in 13 studies, involving in total 7753 patients. RR of developing alopecia comparing PD-1/PD-L1 inhibitor monotherapy to chemotherapy was 0.03 (95% CI: [0.02, 0.06]; P < .001) (Fig. 7) . PD-1/PD-L1 showed significantly lower risk of inducing alopecia comparing to chemotherapy. RR was calculated by the random-effects model. Patients developing vitiligo during PD-1/PD-L1 inhibitor treatment were reported in 3 studies, affecting 55 in 831 PD-1/PD-L1 inhibitor treated patients. RR of all grade vitiligo was 9.54 (95% CI: [3.37, 27 .03]; P < .001) (Fig. 8) , which was conducted by the fixed-effect model. Compared with chemotherapy, PD-1/PD-L1 inhibitor increased the risk of inducing vitiligo.
Subgroup analysis
To explain the heterogeneity generated in meta-analysis, subgroup analysis was conducted to further investigate the origin of differences among studies. The trials controlled with chemotherapy were analyzed. The AEs were selected only with relatively high heterogeneity, rash (I 2 = 51%), pruritus (I 2 = 50%) and alopecia (I 2 = 68%), and the studies were stratified by cancer type, targeting location (PD-1 or PD-L1) or drug used.
For rash with the patients treated with PD-1/PD-L1 inhibitor monotherapy versus chemotherapy, PD-1 inhibitor (nivolumab and pembrolizumab) has significantly higher risk of inducing rash than PD-L1 inhibitor (atezolizumab and avelumab), and the RR for PD-1 inhibitor and PD-L1 inhibitor are 2.11 (95% CI: [1.63-2.74]; P < .001) and 1.38 (95% CI: [1.03-1.85]; P = .03), respectively (Fig. 9) . PD-1 inhibitor was further stratified to investigate the differences between two drugs (pembrolizumab and nivolumab), but no significant differences were found in developing rush (Supplementary Figure S1 , http://links.lww.com/ MD/C990). Additionally, the rash subgroup stratified by cancer type was analyzed, and no statistical significance was found (Supplementary Figure S2 , http://links.lww.com/MD/C990). For Pruritus, the RR for PD-1 inhibitor and PD-L1 inhibitor are 4.49 (95% CI: [3.04-6.65]; P < .001) and 2.76 (95% CI: [1.97-3.87]; P < .001), respectively. Subgroup difference test for PD-1 inhibitor and PD-L1 inhibitor was at the boundary of statistical significance (P = .06), which suggests PD-1 inhibitor might have higher risk of developing pruritus compared with PD-L1 inhibitor (Fig. 10) . Cancer type stratification demonstrated gastric cancer has lower risk to induce pruritus (RR = 1.51, 95% CI: [0.86-2.66]; P = .15), compared to all cancer types (RR = 3.77, 95% CI: [3.11-4 .58]; P < .001) (Fig. 11) . Pembrolizumab and nivolumab did not have significant difference in developing pruritus (Supplementary Figure S3 , http://links.lww.com/MD/ C990). For alopecia, subgroup analysis was also performed as mentioned above, however, there was no significant difference between subgroups in alopecia (Supplementary Figures S4-S6 , http://links.lww.com/MD/C990). All supplementary figures are attached in Supplemental Digital Content.
Discussion
PD-1/PD-L1 inhibitors are promising in treating multiple cancer type, and their AEs need to be fully investigated and understood. In this study, we analyzed 18 phase II/III RCTs of PD-1/PD-L1 inhibitors involving 11,465 patients and focused on common dermatological and mucosal AEs. In comparison to previous studies, mostly relying on phase I/II trials, our study mainly focused on the differences between PD-1/PD-L1 inhibitors and traditional therapies, and the incidence and RR were calculated with better accuracy based on the data from phase II/III trials. The irAEs of PD-1/PD-L1 inhibitors are notable and should be studied thoroughly, even though the overall safety profile is good. Rash is the most common irAE induced by PD-1/PD-L1 inhibitors, and it usually happens after first few cycles of treatment. [38] Total risk of any grade rash is 11.8% (95% CI: 9.8-14.1%), and high-grade rash incidence is 0.6% (95% CI: 0.4-0.9%). Our results demonstrated that PD-1/PD-L1 inhibitors are more likely to induce rash comparing to chemotherapy (RR = 1.84), and it has similar risk to develop rash (RR = 0.90) comparing to ipilimumab. In a retrospective study, rash was found associated with favorable response rate, PFS and OS, [39] since rash is related to the robust immune reaction. Some case report also mentioned that lichenoid is related to T cell infiltration. [40] Although the relationship between rash and better clinical outcome is still vague, pathogenesis of rash warrants further investigation, and rash could be an indicator for drug response. Pruritus is also commonly seen in PD-1/PD-L1 inhibitors treated patients, with incidence of all grade and high grade 12.2% (95% CI: 9.8-15.1%) and 0.2% (95% CI: 0.1-0.4%), respectively. Compared to chemotherapy, PD-1/PD-L1 inhibitors increase the risk of developing pruritus with RR = 3.74, while previous meta-analysis conducted by Belum et al reported different pruritus RR against chemotherapy (pembrolizumab RR:34.5, nivolumab RR:49.9). [41] The discrepancy in RR of pruritus may be due to different clinical data included in our studies. All of clinical data analyzed in our study are latest data Pruritus is usually mild and low grade, while in some cases pruritus can interfere normal sleeping [42] and decrease the quality of life score. Pruritus was also reported to be harbinger of bullous pemphigoid, [43] which is a severe immunotherapy induced dermatological AE. Vitiligo is a common and unique characteristic of checkpoint immune-induced irAEs observed in the clinic [44] and RR of developing vitiligo compared against chemotherapy is 9.54. Vitiligo also implicates with enhanced auto-immunity and some studies also reported developing vitiligo related to positive drug efficacy. [45] Apart from the shortage of PD-1/PD-L1 inhibitors mentioned above, we also noticed some positive safety profiles compared to traditional chemotherapy. Since PD-1/PD-L1 inhibitors do not interfere cell replication as conventional chemotherapy does, typical drawback in chemotherapy is reduced in the PD-1/PD-L1 inhibitor treatment. Risk of developing alopecia is significantly lower compared to chemotherapy (RR = 0.03) due to less cytotoxicity of PD-1/PD-L1 inhibitors. Although alopecia incidence 0.9% (95% CI: 0.6-1.3%) remains low in PD-1/PD-L1 inhibitors treated patients, some case reports suggest that PD-1/PD-L1 inhibitor induced alopecia has T-cell infiltrated hair follicle, [46] which suggests PD-1/PD-L1 inhibitor induced alopecia could be an irAE. As mucosa is also a fast-proliferating tissue, stomatitis and mucosal inflammation are less likely to develop during PD-1/PD-L1 inhibitors treatment.
Safety of PD-1/PD-L1 inhibitor was found better compared to ipilimumab, which is consistent with the results published in literatures. [47] According to a review by Boutros, CTLA-4 is an immune checkpoint receptor expressed on T cells, and its activation could inhibit early stage immune response of T cells. [47] Moreover, CTLA-4 is also expressed on regulatory T cells (T REG ), which are a group of cells inhibiting immune response in tumor microenvironment. Different from CTLA-4, PD-1 is mainly expressed in peripheral tissues and tumor environment. PD-1 inhibitor could target T cells with more specificity. Therefore, blocking the combination of CTLA-4 and B7 ligand could lead to a more extensive activation of immune effect, and the activation of immune system explains why CTLA-4 inhibitor could trigger so many adverse reactions. [47] Some new findings suggest that CTLA-4 inhibitor exerts its antitumor effect by killing T REG , but not blocking the CTLA-4 on T cells, which may also implicate in worse safety profile. [48, 49] In our subgroup analysis, for the first time we found PD-L1 inhibitor has better safety profile than PD-1 inhibitor in developing dermatological irAEs. Why PD-1 inhibitor has higher risk of rash and pruritus remains unknown. PD-1 and PD-L1 are two major parts in the same pathway, and they are expressed on different group of cells. PD-1 is an immunosuppressive molecule expressed on immune cells, while PD-L1 is a transmembrane protein expressed on tumor cells. Although sharing same immune checkpoint pathway, PD-1 inhibitor targets PD-1 receptor on T cell while PD-L1 molecule is expressed on multiple cell types. The expression quantities and locations of PD-1 and PD-L1 are different, which might affect the efficacy and consequential irAEs of their inhibitors. Currently many clinical trials are still ongoing, and more clinical data for PD-1/PD-L1 inhibitors are needed to verify this conclusion. Furthermore, PD-1 inhibitor subgroup analysis suggested pembrolizumab and nivolumab have similar dermatological toxicity, which may be due to acting on the same target. In cancer type subgroup analysis, we noticed that patients with gastric or gastro-esophageal junction cancer have better tolerability towards PD-1/PD-L1 inhibitor. Since only 1 RCT of this cancer was found, more evidences are needed to validate this observation and find its root cause (e.g., ethnicity).
Our meta-analysis has some limitations. First, the analysis was conducted at the group levels of clinical studies rather than individual patient level. Some important variables like age, prior therapy, or ethnicity were not included in this analysis. Most of these studies are open-label designed trials, which could result in the ascertainment bias. Second, different dose and frequency of drug administration in both intervention and control group could be the origin of heterogeneity. Some studies used clinician selected chemotherapy, which also implicated in inducing heterogeneity. Third, rash reported in different studies may have various definition based on investigators' objective diagnosis, and the details of rash were poorly described in their studies. Forth, although we searched and screened all studies based on clinical trial tag, we still lack specific studies for certain cancer types and studies controlled with ipilimumab.
This analysis provides physician useful information of PD-1/ PD-L1 inhibitor dermatological and mucosal AEs. Patients susceptible to mucosal inflammation or with vulnerable mucosa might benefit from PD-1/PD-L1 inhibitor. Additionally, PD-L1 inhibitor might have better safety profile comparing to PD-1 inhibitor. Dermatological irAEs are common in PD-1/PD-L1 inhibitor treated patients. Since some irAEs are implicated with better clinical outcome, low-grade dermatological irAEs normally should not cause the discontinuation of the drug. However, some commonly seen irAEs might result in serious condition, which needs to be noticed. This meta-analysis also provides new ideas for researchers to explore the mechanism of drugs acting on different targets. With the progress of extensive in-depth studies, the safety profiles of PD-1/PD-L1 inhibitors will be fully understood to guide better clinical applications for the cancer patients.
Conclusion
Our meta-analysis demonstrated PD-1/PD-L1 inhibitors increase the risk of rash, pruritus, and vitiligo compared to the conventional chemotherapy, although they have better safety profile in alopecia, mucosal inflammation, and stomatitis. Additionally, anti-PD1 drugs have similar risk of developing rash and lower risk of inducing pruritus, compared with ipilimumab. Subgroup analysis suggests that PD-L1 inhibitor may have better safety profile than PD-1 inhibitor in developing dermatological irAEs. Dermatological and mucosal AEs of PD-1/ PD-L1 inhibitors are the most prevalent and obvious AEs, which should be further systematically studied. 
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